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Registration for Navigated Scaphoid Fixation

Evaluation of registration performance regarding simulated screw placement

Abstract: Fractures of the scaphoid bone may be treated in a
minimally-invasive fashion. Conventionally, fluoroscopy is
required to guide the placement of an osteosynthesis screw. In
this work, an alternative method based on volumetric
ultrasound is validated.

Methods: The fully automatic and fast image processing
pipeline involves two machine learning architectures for
segmentation and registration. A pre-operatively acquired 3D
bone model is registered to the 3D bone surface segmented
from the intra-operative ultrasound. Screw positioning is
planned in an automated fashion and evaluated in an in-vitro
setting: Volumetric ultrasound images of a 3D-printed
phantom of a human wrist are acquired for 22 different probe
poses. For 220 test runs with different initial displacements,
the resulting screw placement within a defined safe zone is
evaluated. If the screw lies within the safe zone, its placement
is assumed to be successful.

Results: An isolated analysis of the registration results in a
surface distance error of the registered meshes of 0.49 +
0.01mm, with successful screw placement in all of the
evaluated 220 test runs. The full pipeline, combining
segmentation and registration, achieves a mean surface
distance error of 0.79 + 0.37mm, leading to successful screw
placements for 149 out of 220 test runs. Poses not suited for
the registration could be determined. Excluding these from the
analysis, 139 out of 160 test runs are successful.

Conclusion: The method proves to be promising when
evaluating the registration alone, even given the challenging
setup of sub-optimal probe positions. The experiments also
demonstrate that further improvement regarding the
segmentation is necessary.
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Figure 1: Proposed intraoperative procedure for the automated
registration of a preoperative surgical plan based on
ultrasound imaging.
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1 Introduction

Fractures of the scaphoid make up for 70% of all carpal bone
fractures [1]. Patients may be treated conservatively with a
cast. In severe cases with dislocation or loss of blood supply,
operative treatment is indicated. Furthermore, it facilitates
faster recovery. Surgery can be executed in an open or
minimally-invasive setting, with the latter decreasing blood
loss. During surgery, the bone fragments are united using an
osteosynthesis screw, which is placed under continuous
fluoroscopy. This exposes the patient and especially the
surgeon to substantial radiation [2].

As the diagnosis is based on a comprehensive pre-
operative imaging, including computed tomography,
navigated surgery is an option. Several cadaveric studies on
navigated placement show that x-ray exposure time for the
surgeon can be significantly reduced while maintaining the
accurate positioning of the screw [3-5]. Liu et al. even propose
a robotic approach and proof its feasibility in a clinical study,
eliminating radiation exposure for the surgeon [6].

Beek et al. investigated ultrasound as an alternative intra-
operative imaging technology, sparing both, the surgeon and
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patient from ionizing radiation [7]. Their approach requires the
acquisition of several images and a manual registration of the
pre-operative plan. While increasing the operation time, their
technique allows for exact screw placement. Anas et al. further
improved on the accuracy and surgery time using statistical
shape models and validated the approach in an ex-vivo study.
However, their registration technique still requires manual
interaction and takes up to 20 minutes [8]. In a previous
publication, our group proposed a deep learning based
approach, reducing the processing time to seconds while
eliminating the need for manual interaction [9]. In this work,
we further investigate the accuracy of screw placement using
a safe-zone based evaluation.

2 Methods

2.1 Automated Screw Planning

The screw position for scaphoid fixation is automatically
planned by maximizing the screw length inside a safe zone, as
proposed by Leventhal et al. [10]. This safe zone is derived as
an inner isosurface to the surface of the bone model, at the
summed distance of the screw radius (1.5mm) and an
estimated cortical thickness of 0.35mm. An automatically
planned screw axis can be seen in Figure 3. For a volar
approach, this planning method is reported to avoid
obstruction of the insertion point by the trapezium and to allow
screw placement in the central third. As a safety margin, we
reduced the estimated screw length by 1mm on each end.

2.2 Registration Pipeline

The bone model including the planned axis is registered to US
images of a scaphoid phantom by the two stage approach
depicted in Figure 1: First, a Deeplabv3+ [11] with
MobileNetv2 backbone is employed for the 2D segmentation
of acquired slice images. The segmented scaphoid pixels of all
slices are then thinned utilizing a skeletonization algorithm
and transformed to a point set. After removing statistical
outliers, 1024 points are uniformly sampled from the
remaining points. Finally, PRNet [12] is used to register the
model point set to this sampled point set, followed by an
iterative closest point (ICP) algorithm for local convergence.
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Figure 2: Example of registration for setup “P”, with initial point sets
(upper image) and registered point sets (lower image).

2.3 Setup for Evaluation

Two setups are evaluated: In the first setup “GT”, the
segmentation ground truth (GT) annotation is utilized as a
starting point for the previously described extraction of surface
points. This excludes segmentation errors and thus allows for
an isolated evaluation of the registration. In the second setup
“P”, the full pipeline is applied, where surface points are
extracted from the segmentation predicted by the Deeplabv3+
architecture. This setup includes segmentation errors and
represents the proposed workflow in surgical routine.

For the assessment of registration errors in the two setups,
10 different displacements are simulated by applying random
initial transformations to the extracted surface points, with
rotation sampled from uniformly distributed Euler angles in
[0°, 45°] and an average translation of 3.5mm determined by
demeaning. After registration, the registration error is derived
by comparing initial transformation to estimated
transformation.
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Figure 3: Points extracted from annotation in setup “GT” (left)
compared to points extracted from predicted segmentation in
setup “P” (right).

2.4 Evaluation of Screw Placement

The screw placements are evaluated on US images acquired
from one scaphoid phantom at 22 probe poses: 5 poses rotated
about the transversal axis, with the 3™ pose being centered
above the scaphoid, 4 poses rotated about the longitudinal axis,
starting at the proximal end and ending at the tubercle and 2
poses centered above the scaphoid, but rotated about the
imaging direction. Images were captured for these 11 poses
from two different distances. For each of the resulting 22 probe
poses, registration is evaluated on 10 runs.

For the evaluation of screw placement, the theoretical
deviation from the planned screw axis due to registration error
is considered. For this purpose, the screw axis was rotated and
translated according to the respective rotational and
translational errors. For all transformed screw axes remaining
within the safe zone, a penetration of the cortical bone is
avoided and thus the placement was considered successful. For
all screw axes intersecting the safe zone, screw placement was
considered failed (see Figure 3).

Figure 4: Example of planned screw axis (yellow) and deviation
caused by registration error (white). Placement is invalid due
to an intersection of the safe zone (red).

3 Results

We achieved a mean surface distance error (SDE) of 0.79 *
0.37mm for registration on segmentation predictions (setup
“P”), with a rotational error of 10.20 * 11.32° and a
translational RMSE of 0.70 £ 1.02mm. A successful screw
placement was achieved for 149 out of 220 cases. A detailed
breakdown for all poses can be seen in Table 1. For registration
in setup “GT”, a significantly lower mean SDE of 0.49 £
0.01mm was found, with a rotational error of 1.63 + 1.20° and
a translational RMSE of 0.18 + 0.04mm. A successful screw
placement was achieved in all 220 cases. The distribution of
rotational and translational errors for the 220 test runs is shown
in Figure 4.

Table 1: Rotational and translational registration errors as well as
valid screw placements for each probe pose in setup “P”.

Probe Pose Registration Errors Valid Screws

Pose 1 6.72°+4.99°, 0.17mm=0.05mm 8/10
Pose 2 7.71°+#4.61°, 0.20mm=+0.01mm 5/10
Pose 3 1.67°+£1.11°, 0.15mm+0.04mm 10/10
Pose 4 6.47°+4.65°, 0.21mm+0.08mm 9/10
Pose 5 11.78°+5.33°, 0.40mm=0.29mm 4/10
Pose 6 23.65°£9.70°, 2.45mm+0.23mm 0/10
Pose 7 15.61°+6.11°, 0.34mm=0.34mm 2/10
Pose 8 2.59°+1.49°, 0.18mm=0.03mm 10/10
Pose 9 2.94°+1.48°, 0.17mm=0.03mm 10/10
Pose 10 3.65°+1.01°, 0.22mm=0.04mm 10/10
Pose 11 5.64°+0.52°, 0.30mm+0.05mm 9/10
Pose 12 2.11°+0.43°, 0.16mm=0.04mm 10/10
Pose 13 3.96°%£1.84°, 0.11mm+0.06mm 10/10
Pose 14 2.73°+1.18°, 0.32mm+0.10mm 10/10
Pose 15 4.27°+0.95°, 0.18mm+0.04mm 10/10
Pose 16 22.55°£13.68°, 1.53mm+1.32mm 2/10
Pose 17 33.44°+9.76°, 2.85mm+0.37mm 2/10
Pose 18 28.61°£3.90°, 2.01mm*0.29mm 0/10
Pose 19 2.15°+0.83°, 0.14mm+0.03mm 10/10
Pose 20 5.16°+2.69°, 0.04mm=+0.27mm 8/10
Pose 21 3.04°10.48°, 0.10mm+0.02mm 10/10
Pose 22 27.88°+10.11°, 3.05mm=0.87mm 0/10

4 Discussion

In [8], Anas et al. reported results on 13 cadaver wrists, for a
rather optimal probe placement. They achieved a mean SDE
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Figure 5: Boxplots of rotational (left) and translational (right)
registration errors for the two setups respectively.

of 0.8 £ 0.2 mm, with a successful screw placement in 10 of
13 cases. In comparison, our approach showed a lower ratio of
successful screw placements, with a comparable SDE of 0.79
+ 0.37mm (setup “P”). Based on segmentation annotations
(setup “GT”), we achieved a higher percentage of successful
screw placements with a lower SDE of 0.49 + 0.01mm.
However, we evaluated our approach in-vitro using only one
printed wrist phantom, with images acquired from 22 different
poses. These prerequisites and our focus on the evaluation of
robustness to poor probe placement leads to a rather limited
comparability with the results reported by Anas et al.

A significant difference can be seen between results on
segmentation annotations (setup “GT”) and predictions (setup
“P”): On the one hand, very good results on segmentation
annotations demonstrate the general suitability of our
combined approach. On the other hand, improvable results on
segmentation prediction, compared to results on annotations
indicate at segmentation as preliminary limitation of our
combined approach.

Failed screw placement is especially found for suboptimal
probe poses. In particular, an all-or-nothing behavior can be
observed, where screw placement is either successful or fails
completely. Certain poses exhibit this poor performance,
namely 5-7 and 16-18, as well as pose 22. Pose 5 and 16 are
characterized by a large rotation about the longitudinal axis of
the scaphoid. Pose 6, 7, 17 and 18 depict its proximal part. The
registration in these cases fails, as the tubercle is not visible,
which is the most distinctive part of the scaphoids shape. This
constitutes an important finding for the operating surgeon,
who should avoid these poses. Excluding them from the
analysis, the success rate rises to 139 out of 160 or 87%.

5 Conclusion and Outlook

For the evaluation of our combined approach to navigated
scaphoid fixation, a virtual screw placement was performed in
an in-vitro setup. In conclusion, we have shown the general
suitability of our approach, with a complete automation and
fast computation times. An analysis of the probe positions

revealed poses the surgeon needs to avoid. Segmentation may
need further improvement with regard to robustness to
suboptimal probe placement. This may be achieved by
utilizing a 3D segmentation approach for an improved
exploitation of the image context. Furthermore, ex-vivo and
in-vivo studies are objectives of our ongoing work.
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